ABSTRACT Orthogonal frequency division multiplexing (OFDM) index modulation (IM) is a novel multicarrier modulation, which employs both the indices of the active subcarriers and conventional constellation symbols to convey information. Although OFDM-IM shows advantages in many aspects, it cannot provide transmit diversity (TD). To address this problem partly, in this paper, we propose a modified scheme, termed as OFDM-IM with TD (OFDM-IM-TD), through utilizing silent subcarriers and multiple signal constellations (SCs). Specifically, in OFDM-IM-TD, besides the active subcarriers, the same information is transmitted over the silent subcarriers, while using a different SC. The design of the SC for the silent subcarriers is further illustrated. Next, the union bound of the average bit error probability is derived, based on which the transmit diversity gain of the proposed scheme over OFDM-IM is theoretically verified. Moreover, a low-complexity log-likelihood ratio-based detector is developed. Finally, simulation results are given to demonstrate the performance of the proposed scheme.
I. INTRODUCTION
Index modulation (IM) employs the indices of the active resources to transmit information. It is first applied in multiple-antenna systems and the resulted scheme is called spatial modulation (SM) [1] - [4] . In SM, only part of the transmit antennas are activated and the indices of these antennas convey information. Due to this special scheme, SM has superiority over some conventional multiple-antenna techniques in energy-efficiency, receiver complexity, and error performance in some scenarios. For detailed information, please refer to [5] - [7] and references therein.
In [8] - [10] , IM was extended to the orthogonal frequency division multiplexing (OFDM) system, i.e., the indices of the active subcarriers are employed to convey information. In OFDM-IM [10] , all the subcarriers in one OFDM symbol are first partitioned into multiple blocks and then IM is performed in each block independently. Since its appearance, OFDM-IM has attracted much attention [12] - [33] due to its potential advantages. For example, the stronger robustness to the inter-carrier interference (ICI) in the rapidly time-varying channel than the classical OFDM [10] , [11] .
In [12] , a tight lower bound of the achievable information rate was derived. In [13] , a bit error probability (BEP) performance analysis framework was proposed.
In [14] and [15] , the optimal number of active subcarriers was studied in terms of energy efficiency and spectral efficiency. In OFDM-I/Q-IM [16] , the in-phase and quadrature component of the complex signal are separated and taken as the elementary units in the IM. In [17] , the interleaved subcarrier IM (ISIM) introduces the subcarrier level block interleaving to increase the Euclidean distance of the received signal, and achieves an improved performance for high-order modulations. In the coordinate interleaved OFDM-IM (CI-OFDM-IM) [18] , the real and imaginary parts of the complex signal are conveyed by different subcarriers to achieve transmit diversity. In [19] , to achieve a higher spectral efficiency, the constraint of the fixed number of active subcarriers is relaxed. In [20] , the same idea was applied in the joint I/Q IM where the in-phase and quadrature components are modulated jointly. In [21] , the spectral efficiency is further increased through utilizing an improved constellation mapping. Another method to increase the spectral efficiency was reported in [22] , where the proposed dual-mode index modulation aided OFDM (DM-OFDM) employs the silent subcarrier to convey additional information. In [23] , the constraint of the fixed number of active subcarriers is relaxed, and the resulted generalized DM-OFDM (GDM-OFDM) achieves a higher spectral efficiency than DM-OFDM. In [24] , [25] , the application of OFDM-IM in the underwater acoustic communication was studied. Specifically, a hybrid IM-OFDM scheme was proposed in [24] to increase the spectral efficiency, and an ICI self cancellation scheme was proposed in [25] to alleviate the error performance degradation due to ICI. In [26] , for general doubly selective fading channel, the ICI is further alleviated by a linear processing method at transceiver based on capacity maximization. In [27] , an adaptive index modulation scheme was proposed in the parallel Gaussian channel with finite alphabet inputs. In [28] - [31] , the application in the multiple-input multiple-output (MIMO) channel was studied and the resulted schemes were termed as MIMO-OFDM-IM [28] , [29] , generalized space-frequency IM (GSFIM) [30] , and circular-shift-based MIMO-OFDM-IM [31] , respectively. Finally, the survey of the OFDM-IM was given in [32] and [33] , where some guidelines for the future research are given.
In this paper, we propose a modified OFDM-IM, termed as OFDM-IM with transmit diversity (OFDM-IM-TD), to achieve transmit diversity (TD) through employing silent subcarriers and multiple signal constellations (SCs). In this scheme, part or full of the silent subcarriers are re-activated to transmit signals. For convenience, the active and re-activated subcarriers are called prime subcarriers (PSs) and auxiliary subcarriers (ASs), respectively. Then, the same information is transmitted over both PS and AS independently. To achieve the desired performance improvement, the design of SC is illustrated. Moreover, the average BEP (ABEP) is derived based on the union bound technique, from which the TD order is acquired. Finally, a low-complexity log-likelihood ratio (LLR)-based detector is developed.
It should be emphasized that the proposed OFDM-IM-TD is different from the DM-OFDM proposed in [22] . In OFDM-IM-TD, the same information is transmitted over both active and silent subcarriers to achieve TD. However, in DM-OFDM, additional information is transmitted over the silent subcarriers to increase the information rate. The main contributions of this paper can be summarized as follows:
1) The OFDM-IM-TD scheme is developed, which can achieve TD through transmitting the same information in different subcarriers.
2) The SC for AS is designed, which plays a key role for the proposed scheme to work.
3) The union bound of ABEP is analyzed, based on which the TD gain is validated theoretically. 4) A low-complexity LLR-based detector is proposed based on [10] , which shows near-optimal performance.
The remainder of this paper is organized as follows. In Section II, we briefly review the conventional OFDM-IM and DM-OFDM system model. In Section III, the proposed OFDM-IM-TD is presented. In Section IV, the proposed low-complexity LLR-based detection algorithm is presented. Finally, simulation results are reported in Section V, and conclusions are given in Section VI.
Notations: For a vector v, diag{v} denotes the diagonal matrix with the elements of v on the main diagonal, and ||v|| presents the 2-norm. For a matrix A, rank(A) and det(A) denote the rank and the determinant, respectively. The superscripts T and H indicate the transpose and Hermitian transpose of a vector or matrix, respectively. Furthermore, C denotes the complex field, CN (0, σ 2 ) denotes a zero-mean complex Gaussian random variable with variance σ 2 , C n, k is the binomial coefficient, · denotes the maximum integer no larger than the argument, and E{·} denotes the expectation of the random argument. For a complex argument x, (x) and (x) denote the real and imaginary part, respectively, i.e., x = (x) + j (x) with j = √ −1 being the imaginary unit.
II. OVERVIEW OF OFDM-IM AND DM-OFDM A. OFDM-IM
In OFDM-IM, the N subcarriers in one OFDM symbol are divided into g = N /n blocks, each containing n subcarriers.
The corresponding length-m information sequence is partitioned into g = m/p blocks, each having p bits. In each block, only k out of n subcarriers are activated to transmit signals, and the other n-k subcarriers are silent. The first p 1 bits in the p-bit information sequence are used to determine the indices of the k active subcarriers and the remaining p 2 (p 2 = p-p 1 ) bits are mapped into k symbols of M -ary QAM/PSK constellation S. Thus, it has p 1 = log 2 (C(n, k)) , p 2 = klog 2 M , and the information rate is R = log 2 (C(n, k)) +klog 2 M bits per block. Unless specified otherwise, we assume k = n/2. Denote the set of the indices of the k active subcarriers in the β-th, β = 1, 2, ...., g block by
with i β,γ ∈ {1, 2, ...., n} , γ = 1, 2, ...., k. Correspondingly, the set of k QAM/PSK symbols is denoted by
with s β,γ ∈ S, γ = 1, 2, · · · k. Here, s β,γ is assumed to be energy-normalized, i.e., E{|s β,γ | 2 } = 1. Then, the frequencydomain (FD) signal in this block can be expressed by
where e i β,γ is the length-n all-zero vector except a one in position i β,γ . Then, the FD signal in one OFDM symbol can be expressed by
The FD signal x is further transformed into the timedomain signal by
where F N is the discrete Fourier transform (DFT) matrix with F H N F N = N I N , and K = gk is the total number of active subcarriers in one OFDM symbol. Assuming the channel remains constant in one OFDM symbol and the cyclic prefix (CP) length L is larger than v, the equivalent FD received signal can be expressed by
where x α is the α-th element of x, and w α ∈ CN 0, N 0,F is the FD noise in the α-th subcarrier. The FD fading channel
where h 1 , h 2 , . . . , h v are the v channel coefficients and F [1:v] N is the sub-matrix consisting of the first v columns of F N . Since the transmit signal is block-wise independent, it is more convenient to rewrite (6) as
with
Finally, the transmit signal can be recovered by the maximum-likelihood (ML) detection
B
. DM-OFDM
In contrast to OFDM-IM, where only part of the subcarriers are modulated, DM-OFDM modulates all the subcarriers by two different constellations and achieves an enhanced spectral efficiency. As shown in Fig. 1 , the first p 1 bits of the information sequence are sent to the index selector to choose k subcarriers. The remaining p 2 bits of the information sequence are passed to the mappers A and B with signal constellations S A and S B , respectively. The sizes of S A and S B are denoted as M A and M B , respectively. Furthermore, it is assumed S A ∧ S B = Ø. Then, the k subcarriers determined by the p 1 -bit information are modulated by S A , and the other n − k subcarriers are modulated by S B . The information rate per block is The above procedure is further illustrated by Table 1 . Consider the second row in Table 1 . The p 1 = log 2 (C (n, k)) = 2 index bits 00 are sent to the index selector, and the first and second subcarriers are chosen. Then, subcarriers 1 and 2 are modulated by S A and subcarriers 3 and 4 are modulated by S B . In the third column of Table  1 , s 1 A , s 2 A ∈ S A and s 1 B , s 2 B ∈ S B , and they are determined by the p 2 = 2 log 2 M A + 2 log 2 M B information bits.
III. OFDM-IM-TD A. SIGNAL MODEL
As shown in Fig. 2 , to form x β , we first obtain I β and S β according to the same method as that in OFDM-IM described in Section II. Next, the p 2 information bits are further mapped into the auxiliary signal constellation (ASC) symbols and then transmitted over the other n − k = k ASs. Denote the set of the k ASC symbols by Obviously, it has I β ∩ I a β = Ø. Then, x β can be expressed by
At the receiver, the ML detector can be applied to recover the information. For convenience, the SC for PS is named prime signal constellation (PSC). To distinguish the signals from PSs and ASs, ASC should be different from PSC. Assuming the PSC is given, the design of the ASC is studied in the following subsection.
To end this subsection, we emphasize that S β in (2) and S a β in (10) carry the same p 2 -bit information. It is worth mentioning that, the size of ASC can less than or equals to that of PSC. Assume the decimal presentation of the first p 2 /k-bit information sequence in the first block is m. Then, it has s 1,1 = PSC(m) and s a 1,1 = ASC(m), where PSC(m) (ASC(m)) is the m-th element of PSC (ASC).
B. AUXILIARY SIGNAL CONSTELLATION DESIGN
Define the super signal constellation as the union of PSC and ASC. The factors that have to be considered in the ASC design include the size M a , the average transmit power, and the distance spectral of the super signal constellation. These factors are intertwined, which makes the systematic ASC design be involved. Instead, here, the ASC design is illustrated. In this illustration, BPSK, QPSK and 16-QAM are assumed to be taken as the PSC. The same idea can be extended straightforwardly when other PSCs are employed. Moreover, unless specified otherwise, n = 2 is assumed in the following. The result can be extended into any even integer n.
When BPSK C 2,0 = {−1, +1} is taken as the PSC, the ASC is designed to be C 2,1 = {+j, −j}, as shown in Fig. 3 a . The mapping from information bits to C 2,0 C 2,1 is {0 → −1 − j , 1 → +1 + j }. Then, the FD transmit signal in one block can be expressed by
In (13), for notation simplicity, the symbols of signal constellations C 2,0 and C 2,1 are also denoted by C 2,0
and C 2,1 , respectively. In the following FD transmit signal presentations, the same notation is taken. Note that the FD transmit signal of OFDM-IM can be expressed by
Then, it is easy to see that, the average transmit power per FD block increases from E s = 1 in OFDM-IM to 2 in OFDM-IM-TD. Define the minimum squared Euclidean distance (MSED) by d 2 min = min
Then, it has d 2 min = 4 for both OFDM-IM and OFDM-IM-TD, andd 2 min decreases from 4 in OFDM-IM to 2 in OFDM-IM-TD.
It is well known that the normalized MSED determines the coding gain and further the ABEP performance in low signalto-noise ratio (SNR) regions. In general, larger normalized MSED means lower ABEP in low SNR regions. Therefore, the decreasing of the normalized MSED in the proposed scheme means a worse ABEP in low SNR regions. However, notice that the same information has been transmitted by both C 2,0 and C 2,1 through two different subcarrier channels in OFDM-IM-TD. The transmit diversity can be achieved, VOLUME 5, 2017 which will be shown later. Since the diversity order determines the ABEP in the high SNR region, the OFDM-IM-TD will show better ABEP than OFDM-IM in this region.
When QPSK C 4,0 = {±1 ± j} is taken as the PSC, the ASC is designed to be C 4,1 = C 2,0 C 2,1 , as shown in Fig. 3 b . The mapping from information bits to
Then, the FD transmit signal in OFDM-IM-TD is of the form
and the FD transmit signal of OFDM-IM can be presented by (14) with C 2,0 being replaced by C 4,0 . From Fig. 3(b) , it has E s = 2, d 2 min = 4, andd 2 min = 2 for OFDM-IM and E s = 3, d 2 min = 2, andd 2 min ≈ 0.667 for OFDM-IM-TD. Similarly, this coding gain loss can be compensated by the increased diversity order in high SNR regions.
When 16-QAM C 16,0 = {a + bj, a, b = −3, −1, +1, +3} is taken as the PSC, the ASC is designed to be C 16,1 = {2, −2, 2 + 2j, +2j, −2j, 2 − 2j, −2 + 2j, −2 − 2j, 4 + 2j, 4, 4j, −2+4j, −4, −4−2j, −4j, 2−4j}, as shown in Fig. 4 . The mapping from information bits to C 16,0 and C 16,1 is listed in Table 2 . The FD transmit signal in OFDM-IM-TD can be expressed by
and that in OFDM-IM can be expressed by (14) 
4)
In this case, when 16-QAM C 16,0 is taken as the PSC, the ASC is designed to be C 8,0 = {2, −2, +2j, −2j, 2 + 2j, 2 − 2j, −2 + 2j, −2 − 2j}. The mapping from information bits to C 16,0 and C 8,0 is listed in Table 3 . As shown in this table, the 16 points of C 16,0 are partitioned into 8 groups each with two points, and both the points in one group are mapped to the same C 8,0 point. The partition rule is to maximize the minimal Euclidean distance between the two C 16,0 points mapped to the same C 8,0 point. The FD transmit signal in OFDM-IM-TD can be expressed by
5) Extension to k < n/2
When the number of activated subcarriers is less than half, i.e., k < n/2, a direct method (Method I) to implement the OFDM-IM-TD is to select k from the n − k silent subcarriers randomly as the AS. Another method is to take all the n − k silent subcarriers as the AS. Since n − k > k, this method can be expected to achieve larger coding gain through using lower-order ASC (Method II). In the following, an example is given to illustrate the two methods. Example 1: Consider the case that n = 3, k = 1, and C 4,0 is employed as the PSC. Assume the FD signal of OFDM-IM have the following form
Then, using Method I, the FD signal is
Using Method II, the FD signal is
In this example, it has p 1 = 1, p 2 = 2 and p = 3. Consider the 3-bit information sequence 000 is transmitted, and the first bit activates the first subcarrier. Then, in OFDM-IM, the remaining 2 bits 00 select the point 1 + j from C 4,0 , and the FD signal is [1 + j, 0, 0] T . In Method I, the remaining 2 bits 00 further select the point 1 from C 4,1 which is transmitted over the second subcarrier, and the FD signal is [1 + j, 1, 0] T . In Method II, the second bit 0 selects point -1 from C 2,0 for the second subcarrier, and the third bit 0 selects point −j from C 2,1 for the third subcarrier. Thus, the FD signal is
From (19) 2 min with the same transmit diversity order.
C. PERFORMANCE ANALYSIS
Define P(X β →X β ) as the unconditional pair-wise error probability (UPEP) that X β is transmitted and erroneously detected asX β . From [10] , it is shown that the UPEPs for β = 1, 2, . . . , g are the same. Therefore, it is sufficient to study the UPEP in the first bock (β = 1). Following the derivation in [10] , the UPEP can be expressed by
where
. Noting that
where σ 2 t , t = 1, . . . , v is the variance of the t-th channel coefficient h t .
To acquire the achievable diversity order, (22) can be further approximated by, from [10] , (24) where B = K 1 A, r = rank(B) and λ ξ (B), ξ = 1, . . . , r is the eignvalues of B. Therefore, the diversity order is determined by r, which is upper bounded according to the rank inequality by r ≤min{r 1 , r 2 } with r 1 = rank(K 1 ) and r 2 = rank(A). From the FD signal format described in the preceding two subsections, it is easy to see that min r 2 = 2 when M a ≥ M while min r 2 = 1 when M a < M . Table 4 lists the r 1 for varying n and v values. When n = 2, K 1 is full-rank, i.e., r 1 = 2, for v = 4, 6 and 10. When n = 4, r 1 = 2, 2, 3 for v = 4, 6, 10, respectively.
Noting that A is full-rank when n = 2, it has min r = min rank (B) = min rank (K 1 A)
VOLUME 5, 2017 since rank(UV) = rank(V) (26) for full-rank U. Thus, a diversity order of 2 can be achieved in this scenario. On the other hand, since both A and K 1 are not full rank at n = 4, it has min r ≤ 2. Simulation results in Section V show that the result min r ≤ 2 for n = 4 is conservative and in fact a diversity order of 2 can be achieved. Remark: It is easy to see that min r 2 = 1 in OFDM-IM, i.e, the diversity order of ODFM-IM is one. Therefore, compared with OFDM-IM, a higher transmit diversity order is achieved in OFDM-IM-TD when M a ≥ M and no diversity gain can be achieved when M a < M .
The coding gain in (24) is determined by
for the eigenvalues of the product of positive semidefinite Hermitian matrices where 1 ≤ i 1 < . . . < i r ≤ r, the UPEP decreases with increasing value of δ = r 1 t=1 λ t (K 1 ). In Table 4 , the δ is also listed.
Finally, the union bound of the ABEP can be evaluated by
where d H X 1 ,X 1 represents the Hamming distance between the two bit sequences mapped to X 1 andX 1 , respectively.
D. COMBINED WITH ISIM [17] AND CI-OFDM-IM [18]
To achieve a larger δ, the proposed scheme can be combined with the block interleaving in ISIM [17] . In the resulted interleaved OFDM-IM-TD, the FD signal x is first interleaved and then sent to the inverse DFT operator. Assuming a depth-n block interleaving is used, the interleaved signal x π can be expressed by
At the receiver, the FD receive signal y π is first de-interleaved by 
Without loss of generality, consider the first block. Define
Then, it has
where w π,1 is the corresponding element of the interleaved w π . Therefore, in the interleaved OFDM-IM-TD, the correlation matrix K 1 is the n × n sub-matrix consisted by the rows and columns with indices 1, g + 1, . . . , (n − 1)g + 1 of the matrix K. Table 4 also lists the corresponding r 1 and δ when the block interleaving is used. It is easy to see that an enormous increase of δ is obtained, which means a larger coding gain can be achieved. On the other hand, at n = 4, it has r 1 = 4 for v = 4, 6, and 10. Since K 1 is full-rank at n = 4, it has min r = min r 2 = 2 by using (25) and (26) once again. Therefore, in the interleaved OFDM-IM-TD, the diversity order of 2 at both n = 2 and 4 can be guaranteed.
On the other hand, the minimum rank of the codeword difference matrix min r 2 = min rank (A) can be further increased through introducing the coordinate interleaving [18] . The resulted scheme is abbreviated as CI-OFDM-IM-TD. In CI-OFDM-IM-TD, both the PSC symbol and ASC symbol first perform angle rotation and then coordinate interleaving. Moreover, the channel block interleaving described in (29) and (30) is also employed here.
To interpret the concept of coordinate interleaving more clearly, consider the FD signal forming in the case of n = 4 and k = 2. First, the same operation as that in OFDM-IM-TD is performed and the resulted signal is assumed to be [
Here, x 1 and x 2 are two different PSC symbols, z 1 and z 2 are two different ASC symbols. Furthermore, x k and z k , k = 1, 2 carry the same information. The coordinate interleaving is performed as follows. First, both x k and z k , k = 1, 2 are angle-rotated and the resulted signals are denoted as x k and z k , respectively. The rotation angle is determined by the signal constellation. For example, the rotation angles are 15 • , 8.5 • , and 4.5 • for 4-, 16-, and 64-QAM [18] . Second, the interleaving of the real and imaginary parts of the symbol is realized by x = [ (x 1 ) + j (x 2 ), (z 1 )+j (z 2 ), (x 2 )+j (x 1 ), (z 2 )+j (z 1 )] T . Obviously, from Section III-C, the minimum rank of the codeword difference matrix in this case is min r 2 = 4 when M a = M . Furthermore, from Table 4 , it has r 1 = 4 at n = 4 for v = 4, 6, and 10 with the channel block interleaving. Therefore, according to (25) and (26), it has min r = 4, i.e., a diversity order of 4 can be achieved in CI-OFDM-IM-TD when n = 4, k = 2 and M a ≥ M ≥ 4.
IV. LLR-BASED DETECTOR
In this section, a low-complexity LLR-based detector is proposed. This algorithm detects the index information and the amplitude-phase modulation information separately. From Section III-B, PSC and ASC are used for PS and AS, respectively. To acquire the index bit information, a decision on whether PSC or ASC is used over any subcarrier is required. The proposed detector fulfills this decision based on the LLR information. Concretely, this detector can be described as follows.
First, for each subcarrier, it computes the LLR:
With Bayes formula and (6), the component in the nominator of (32) can be further computed by
The presentation for P (x α = ASC (m) |y α ) can be acquired with PSC(m) being replaced by ASC(m). Furthermore, it is easy to see that P (x α = PSC (m)) = k/(nM ) and
. Note that n = 2k and M = M a in OFDM-IM-TD. The LLR in (32) can be explicitly computed by
The identity ln (exp (c 1 )
can be used recursively in the computation of (34) to prevent numerical overflow. Next, the receiver finds out the k subcarriers which have the maximum LLR values. The PSC is decided to be used over these k subcarriers, from which the index bit information can be recovered. Finally, the amplitude-phase modulation information can be detected sequentially.
To describe this procedure more clearly, we illustrate it by the case considered in Section III-B-1), where n = 2, k = 1, M = M a = 2, PSC = C 2,0 , ASC = C 2,1 , and
Assume λ (1) and λ (2) have been calculated from (34) with λ (1) > λ (2). Then, it is decided that C 2,0 is used over the first subcarrier and C 2,1 is used over the second subcarrier, i.e.,
Next, the symbol information is detected bŷ
In the case M = M a , the complexity of the LLR computation in (34), in terms of complex multiplications, is O(2M ) per subcarrier. Then, the complexity of the first-stage active index detection is O(2Mn). Moreover, the complexity of the second-stage constellation symbol detection is O (2 p 2 ) . Therefore, the total complexity of the LLR-based detector is O(2Mn+2 p 2 ). Recall that the complexity of the ML detection is O(2 p ). A complexity reduction is achieved in the proposed LLR-based detector.
V. SIMULATION RESULTS
In this section, the performance of the proposed scheme is verified by the computer simulation. The exponential powerdelay profile with σ 2 t ∝ exp(−(t − 1)/v), t = 1, . . . , v and Rayleigh fading are assumed. The channel parameters are v = 10, L = 16, and N = 128. The FD signal is assumed to be normalized, and the SNR ρ = (N + L)/(mN 0,T ) is defined as the SNR per bit in the time-domain. Unless specified otherwise, the ML detector is used for all the schemes simulated. This will rule out the potential impact of the detection algorithm on the performance comparison of the proposed scheme with other references. The analytical BER performance of the proposed OFDM-IM-TD and interleaved OFDM-IM-TD is first validated in Fig. 6 . The ABEP of the interleaved OFDM-IM-TD can be acquired also from (22) and (28) with K 1 being redefined in Section III-D. Here, both the scenarios of n = 2, k = 1, M = M a = 2, and n = 4, k = 2, M = M a = 2 are simulated. The information rate is 2 bits per block. It is easy to see that the theoretical performance matches the simulated result closely, especially in medium-to-high SNR regions.
In Figs. 7 and 8 , the simulated BER performance of the proposed schemes is given. In Fig. 7 , the four schemes, OFDM-IM, OFDM-IM-TD, interleaved OFDM-IM-TD, and classical OFDM, are simulated with n = 2, k = 1, and M = M a = 2. The information rate is 2 bits per block. From this figure, all the three IM schemes show better performance than the classical OFDM, and a higher transmit diversity order is achieved in the proposed two TD schemes, OFDM-IM-TD and interleaved OFDM-IM-TD, compared with OFDM-IM. Furthermore, the interleaved OFDM-IM-TD achieves a better performance than the OFDM-IM-TD. These observations are in accord with the analyses of diversity order and coding gain in Section III-C and Section III-D. = 16 achieve a higher diversity order than their counterparts with M a = 8. This is in accord with the analysis in Section III-C that the minimum rank of the codeword difference matrix is still 1 when M a < M .
In Fig. 9 , the simulated BER curves of the proposed interleaved OFDM-IM-TD and CI-OFDM-IM-TD with ISIM [17] and CI-OFDM-IM [18] in the case of n = 4, k = 2, and M = M a = 16 are given. The information rate is 6 bits per block.
FIGURE 9.
The BER performance of the proposed interleaved OFDM-IM-TD and CI-OFDM-IM-TD, ISIM [17] , and CI-OFDM-IM [18] in the case of n = 4, k = 2 and M = M a = 16. The information rate is 6 bits per block. From this figure, it can be found that CI-OFDM-IM-TD has the highest diversity order, the interleaved OFDM-IM-TD shows the same diversity order as CI-OFDM-IM, and ISIM has the lowest diversity order. On the other hand, from the analysis in Section III-C, the diversity orders are 4, 2, 2, and 1 for CI-OFDM-IM-TD, interleaved OFDM-IM-TD, CI-OFDM-IM, and ISIM, respectively. This is in accord with the simulated results. In Fig. 10 , the performance of the proposed OFDM-IM-TD with the two methods, Method I and Method II, presented in Section III-B-5) is given in the scenario of Example 1. The information rate is 3 bits per block. From this figure, as analyzed in Section III-B-5), both methods achieve the same diversity gain over OFDM-IM and Method II has the better performance than Method I since it has a larger normalized MSED. Finally, in Fig. 11 , the BER curves of both the proposed LLR-based detector and the ML detector for OFDM-IM-TD are given. The parameter setting is n = 2, k = 1, M = M a = 2 and M = M a = 4. From this figure, the LLR-based detector achieves the near-ML detection performance.
VI. CONCLUSION
In this paper, the multiple signal constellations are utilized in OFDM-IM to achieve the transmit diversity. In the proposed OFDM-IM-TD, the silent subcarriers are re-activated to transmit the same information as that over the prime active subcarriers. The transmit diversity is achieved since both auxiliary and prime signals carry the same information and are transmitted over different fading channels. With proper design of ASC, the proposed scheme shows some performance gains over conventional schemes. 
